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Abstract 
Evaporative cooling is a very interesting high temperature cooling solution that has potential to save energy comparing to 
refrigerant cooling systems and at the same time provide more cooling reliability than mechanical or natural ventilation system 
without cooling. Technical cooling potential of 5 different evaporative systems integrated in the ventilation system is investigated 
in this article. Annual analysis is conducted based on hourly weather data for 15 cities located in Denmark and 123 European 
cities. Investigated systems are direct, indirect, combinations of direct and indirect system and one with desiccant wheel.  
Obtained results indicate which system would be sufficient to provide necessary cooling load in order to maintain acceptable 
indoor temperature for specified range of heat gains and design air change rates. 
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1. Introduction 
Last decades have shown an increasing demand for cooling in buildings in Europe. The higher internal gains, better 
insulation, more tight envelopes and highly glazed south oriented facades indeed help to reduce energy use for 
heating the building, but on the other hand result in elevated indoor temperatures and increased cooling needs. It is 
already known, that EU building regulations and national standards will become even stricter with regards to 
building insulation and air tightness levels in coming years.  As a consequence, the risk of elevated cooling needs 
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will become even more distinct and contradicting the savings obtained for heating. Therefore, it can be stated, that 
building sector is facing a new challenge which is - how to energy efficient and using passive technologies avoid 
elevated indoor temperatures and cool buildings.  
The evaporative cooling (EC) has been known for many hundreds of years and is an attractive technology that is 
presently broadly used in USA, Iran, Mexico, but not as often in European countries. The reason for that could be 
the cooling need has not been that significant during the last decades as it becomes nowadays. Another reason could 
be that natural or mechanical ventilation and night-time cooling was sufficient to cool down the buildings in 
European climate. Nevertheless, EC has many advantages: lower energy use than refrigerant cooling, cheap and 
simple to maintain and repair construction, can work as an air filter, use only water as cooling fuel instead of 
refrigerants.  
Furthermore, as presented in [1] the Climatic Cooling Potential (CCP) is forecast to decrease substantially by the 
end of 21st century. The study indicates that climate warming might have a significant impact on potential for 
passive cooling by night time ventilation and in order to prevent massive increase in energy consumption by 
mechanical cooling further strategies, such as, passive techniques, hybrid strategies and reduction of internal loads 
have to be investigated. Another study carried out by [2] indicates potential of IEC system in probabilistic climate 
change for the UK with trend towards hotter and drier summer. Authors indicate that expected increase in cooling 
demand is in conflict with demand to reduce energy use and CO2 emissions related to operation of future buildings. 
The conclusion is that EC might be an adequate cooling method due to the projected increase in wet-bulb 
temperature depression. Moreover, authors highlight that only in UK the potential benefits of applying IEC system 
varies significantly as climatic data changes spatially nonlinear. This brings the conclusion that even in such a 
relatively small area as UK there might be need for different EC systems designs to handle different climatic 
condition. 
The potential of four different combination of EC for a country with multi-climates regions such as Iran was 
investigated in [3]. In the paper authors indicate feasibility of 4 combination of EC in cities of Iran and give further 
example of potential of the systems in UAE, Oman, Turkey and Saudi Arabia. Based on the obtained results it is 
concluded which climate region can be handled by which EC system. However, the criteria if the comfort condition 
is fulfilled by each investigated EC system are not clearly elaborated. In [4] can be found feasibility study for 
climate in Jordan indicating that payback time of IEC is less than 2 years and that 95% of cooling load can be 
covered. Moreover, as indicated in [5] the performance of IEC to pre-cool inlet air of mechanical cooling system in 
four major cities in Iran can provide 75% of cooling load during cooling season and about 55% savings in electrical 
energy comparing to refrigerant system. 
The potential of EC depends on climatic condition and especially on difference between air dry-bulb temperature 
and wet-bulb temperature which is called wet-bulb temperature depression. The climate of Europe varies 
significantly and outdoor temperature and sun operation increases from north to south. Due to its multi-climates 
character different locations in Europe might require different evaporative systems. This investigation presents 
technical potential of different EC systems and its combinations for various annual climates conditions. In the 
investigation both direct evaporative cooling (DEC) and IEC were studied and also combination of these two with 
and without heat recovery and desiccant wheel (DW). In both systems sensible energy in the air is used to evaporate 
water and is converted to latent heat. What is more, this study investigates to what extend each system in specific 
climatic location is able to provide sufficient cooling in the range of highly probable heat loads and air change rates.  
2. Methodology 
In this investigation potential of EC systems is limited to EC in mechanical ventilation system. In the study, 5 
systems have been investigated and they are presented in Figure 1. The symbol H in dashed green square indicates 
humidifier with control with respect to relative humidity of inlet air (humidifier is inactive if inlet air humidity 
increases above 70%). Symbol H in ordinary square indicates humidifier without humidity control. The performance 
of system I to III is independent on room air parameters and system IV and V are dependent on removed air 
parameters. 
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Fig. 1. The schemes of investigated systems 
 
To illustrate the process in each system a standard case with defined boundary condition has been assumed. The 
performances of each component were as well assumed and are as following: dimensioning condition for cooling 
system according to [6] - outside air temperature is at 26°C, relative humidity is at 60%, atmospheric pressure is at 
101.3 hPa, DEC efficiency is at 0.95 (the highest efficiency of normal units according to [7]), efficiency of rotating 
heat exchanger is at 0.9, desiccant wheel (DW) of type 3 from [8] with regeneration temperature at 80°C, 
temperature increase between inlet and outlet in the building is set to 5°C and absolute humidity of supply air is at 
0.25 g/(kg air), ventilation ducts are adiabatic. 
 
Fig. 2. Air handling presented on i-x diagram (from left to right): system I, II, III, IV, V. 
 
The advantage of system II with regards to system I is that there is no increase in vapour content in the ventilation 
air. In some cases this could be limiting factor for application. The disadvantage of system II with regards to system 
I is slightly reduced cooling capacity. The cooling capacity of system III is higher than in system I and II and 
increase of absolute moisture in ventilation air is reduced with regards to system I. The cooling capacity in system V 
is highest of all presented systems. However, the primary air has to be first heated up and dried to be able to cool it 
down to as  low temperatures as around 10°C in this example. To regenerate desiccant wheel temperatures between 
60 and 80 °C are recommended [8]. Therefore, waste heat from electrical power generation or solar panels could be 
an interesting solution combined to that system. The room humidity control sensor is recommended in all cases. 
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2.1. Weather and loads  
There are many methods to dimension cooling systems and f. e. in Denmark the weather dimensioning parameters 
can be found in DS 469 [6] whereas in other countries are valid other standards. In USA the dimensioning cooling 
condition for EC are given in [7] by 0.4%, 1% or 2% of highest WBT. Although the dimensioning weather 
conditions are suitable to dimension cooling systems they are not fully suitable to investigate and compare cooling 
potential of various EC systems. Therefore to analyse and compare performance of these systems a whole year 
hourly analysis was made. Due to the fact that this study is made in Denmark the closer attention is paid to Danish 
context and weather climate, but due to the fact that study is relevant for a broader area, the analysis is made also for 
123 location spread all over Europe. For Danish calculation the new (based on measurements between 2001 and 
2011) Danish Reference Year (DRY) weather data was used. For European calculations a set of weather data 
prepared by ASHRAE from U.S Department of Energy 2013 was used. 
Due to a broad variation of possible heating loads, both internal and external, and due to wish to cover relatively 
wide range of loads and building types, it was chosen to parameterize it within realistic range per square meter of 
floor area as follows: 20 W/m2, 40 W/m2, 60 W/m2. 
The other parameter that influences indoor environment and EC design is air humidity. In this study, the moisture 
load was assumed at the level of single man office with 0.1 person/m2 and activity level at 1.2 met which result in 50 
g water/(h person). This moisture load is higher than for typical open space office and residential building. 
2.2. Load cases 
This investigation is limited to EC integrated in ventilation system and room air distribution is mixing ventilation. In 
order to calculate needed air change rates for the chosen heating loads following assumptions have been made: room 
height is 3m, maximum acceptable outlet temperature is 26°C – according to [9], air density is 1.2 kg/m3 and heat 
capacity is 1007 J/(kgK) and independent on temperature. The found air change rates are rounded to integer and are 
respectively 3, 5 and 7 h-1 for heat loads of 20 W/m2, 40 W/m2and 60 W/m2. In fact, the bound of maximum air 
temperature at 26°C is not in the outlet in the room but in the upper level of occupied zone, which is according to [9] 
DS 474, at 1.8 m above floor. The same standard indicates that temperature can increase linearly 3°C/m per room 
height and assuming room height at 3 m the relation between inlet and outlet air temperature for the respective air 
change rates are calculated and presented in Table 1. In red bold colour are marked inlet temperatures that are low 
and could result in drought risk when ordinary mixing ventilation distribution is used. However, case with inlet 
temperature at 15.4°C and 16.5°C for some ventilation principles, like e.g. diffused ceiling systems, reported in [10] 
can provide an acceptable thermal comfort and no drought risk. With the present knowledge about diffuse ceiling 
systems it is decided to continue with these cases and drop case with heat load 60 W/m2 and 3 h-1 that might cause 
drought risk due to too low inlet temperature regardless distribution system. Presented in Table 1 load cases are 
sorted out increasingly with respect to ¨T between inlet and outlet air temperature that is necessary to remove heat 
load and not exceed 26°C in the occupied zone at certain air change rate. Moreover, in the investigation assumptions 
to the system components performance are the same as in the standard case presented earlier in this paper. 
 
Table 1. Load cases sorted out with respect to increasing necessary ¨T(outlet-inlet) 
Load case ¨T(outlet-inlet) Inlet temp. Outlet temp. ACR  Heat load Moisture load 
 [-] [°C] [°C] [°C] [h-1] [W/m2] [kg/kg] 
1 
2 
3 
4 
5 
6 
7 
8 
3.2 
4 
5.7 
6.6 
7.9 
8.5 
11.9 
13.2 
23.4 
22.8 
21.4 
20.7 
19.7 
19.2 
16.5 
15.4 
26.6 
26.8 
27.1 
27.7 
27.6 
27.7 
28.4 
28.6 
7 
5 
7 
3 
5 
7 
5 
3
20 
20 
40 
20 
40 
60 
60 
40 
0.20 
0.28 
0.20 
0.46 
0.28 
0.20 
0.28 
0.46 
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2.3. Calculation method 
All calculations were performed using MATLAB. Cooling potential of evaporative systems and capacity to provide 
acceptable thermal comfort can be designed based on known outside condition and assumed internal heating loads. 
Calculations of the presented investigation were based on hourly weather data sets for each of investigated location. 
In system case IV and V, calculation of parameters of the inlet air to the room are solved iteratively. To take into 
account not only the fact that temperature exceeds 26 °C but also how much temperature exceeds 26 °C a method of 
overheating degree hour above 26°C (ODH26) is used [11]. 
Results 
In this section are presented some chosen results obtained from the investigation. 
Fig. 3. Table indicating which system can maintain acceptable temperature up to which load case (left), example result of number of hours above 
26°C for Copenhagen city (right) 
 
 
 
 
 
 
 
Fig. 4. Cities sorted out with respect to K number and 8 chosen representative cities. 
In Figure 3 (left) are presented results for 15 Danish cities. The Figure 3 indicates which system, where N is case 
with ventilation but without EC, can maintain acceptable temperature with less than 100 h above 26 °C and up to 
which load case (1 to 8). It can be observed that system V has highest cooling capacity and therefore can provide 
thermal comfort even for the most critical load cases 7 and 8. Systems I and II, III and IV perform similarly where 
system II has slightly lower cooling capacity than system I and system III has slightly higher capacity than system 
IV. In Figure 3 (right) is presented number of hours when temperature exceeds 26 °C respectively for each of 5  
investigated systems and case N for weather condition in Copenhagen. A bold line separates cases which fulfil and 
do not fulfill demand about max. 100 h above 26 °C. It can be noticed, that system V can provide acceptable indoor 
temperatures even for the most critical load case no. 8. However, it can be also noticed that criteria are fulfilled for 
systems I to IV and several load cases. Opposite can be observed if building would be equipped only with 
ventilation system (system N). It is seen, that for system N even for the mildest load case no.1 over temperature 
might be a problem. 
To present results for European cities 8 locations representing different climatic loads were chosen out of 123 
investigated locations, see Figure 4. To sort cities out with respect to expected overheating problem a K 
dimensionless number has been derived based on ratio between overheating hours for certain location and average 
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over heating hours for all locations. For calculation of K a 4th load case was used together with system I. Result of 
overheating degree hours above 26 °C for 8 representative cities are presented in Figure 5. 
 
 
Fig. 5. Number of degree hours above 26 °C for all system types and for 8 chosen representative European cities. 
3. Conclusion 
Potential for using evaporative cooling vary between the 138 investigated locations and 5 systems. It is not possible 
to conclude which system is in general the best since energy use and economy was not taken into account in the 
investigation.However, it can be concluded that when comparing system with and without any evaporative cooling, 
N and I to V, it can be observed that expected number of everheating hours or overheating degree hours is 
significantly lower for systems with EC. What is more, the performance of the evaporative systems is highly 
dependent on the outdoor air parameters. Therefore, reliable and good quality weather data is necessary to properly 
predict performance of  the presented systems. Evaporative cooling systems, both direct and indirect and 
combinations of both, are very interesting cooling methods that can be classified as high temperature cooling 
systems since the cooling effect would be obtained even for water having the same temperature as wet bulb 
temperature of air being cooled down. 
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